Hibernation torpor provides an excellent natural model of tolerance to profound reductions in blood flow to the brain and other organs. Here, we report that during torpor of 13-lined ground squirrels, massive SUMOylation occurs in the brain, liver, and kidney. The level of small ubiquitin-related modifier (SUMO) conjugation coincides with the expression level of Ubc9, the SUMO specific E2conjugating enzyme. Hypothermia alone also increased SUMO conjugation, but not as markedly as hibernation torpor. Increased SUMO conjugation (induced by Ubc9 overexpression, ischemic preconditioning (PC)6hypothermia) was necessary and sufficient for tolerance of SHSY5Y neuroblastoma cells to oxygen/glucose deprivation (OGD) ('in vitro ischemia'); decreased SUMO conjugation (induced by a dominant-negative Ubc9) severely reduced tolerance to OGD in these cells. These data indicate that post-translational modification of proteins by SUMOylation is a prominent feature of hibernation torpor and is critical for cytoprotection by ischemic PC6 hypothermia in SHSY5Y cells subjected to OGD.
Introduction
Stroke is a devastating disorder that affects approximately 700,000 people every year and leads to a death approximately every 3 mins in the United States according to American Heart Association 2006 statistics. To counter these grim statistics, it is crucial to find new strategies for preventing and treating stroke.
Identification of the molecular mechanisms that regulate states of tolerance to ischemia can guide development of new therapeutic strategies for human vascular diseases including stroke (Dirnagl et al, 2003) . Mammalian hibernation serves as a natural model of tolerance to extreme reduction of blood flow and the capacity to deliver oxygen to tissues Frerichs et al, 1994) . During torpor, hibernating animals lower their energy consumption, blood flow, and body temperature to otherwise lethal levels, but because of their special adaptive changes, they suffer no CNS damage or cellular loss (reviewed in Carey et al, 2003; Storey, 2003) . The molecular mechanisms that regulate these adaptive changes are potential targets for drug discovery.
The limited energy availability in hibernation torpor favors post-translational modification of proteins more than energy consuming de novo protein synthesis as a regulatory mechanism for tolerance. The covalent attachment to proteins of the small ubiquitin-related modifier (SUMO) has received much attention since its discovery (Mahajan et al, 1997; Matunis et al, 1996) because of its intriguing and essential functions. The SUMOylation cycle involves at least four enzymes in a multistep process. The E1-activating enzyme, ubiquitin-associated2/activation of Smt3p1, initiates the first step. Then the SUMO specific E2-conjugating enzyme, Ubc9, receives the activated SUMO and transfers it to conjugate with a substrate protein, sometimes with help of an E3-ligase. A group of isopeptidases (SENPs) that deconjugate SUMOylated proteins complete the cycle (reviewed in Hay, 2005; Muller et al, 2001) . Small ubiquitinrelated modifier affects proteins involved in gene expression, chromatin structure, signal transduction, and maintenance of the genome (reviewed in Hay, 2005) . Transcription factors are the major targets for SUMO conjugation and SUMOylation of these proteins mainly produces negative effects on gene expression (Girdwood et al, 2004) . This prompted us to determine whether SUMO conjugation status changes during the metabolic rate suppression of hibernation torpor. There are three SUMO paralogues in mammals. Two, SUMO-2 and SUMO-3, are 96% identical in sequence and are difficult to distinguish. In contrast, SUMO-1 is only 45% identical with the other two SUMO paralogues and has distinct immunoreactivity (Lapenta et al, 1997) .
We find that massive protein SUMOylation occurs in 13-lined ground squirrels (Spermophilus tridecemilineatus) during their torpor phase of hibernation in multiple organs and that a portion of this SUMO conjugation is induced by hypothermia itself. We examined whether changes in SUMO conjugation levels in SHSY5Y cells affect their level of tolerance to oxygen/glucose deprivation (OGD) , an in vitro model of ischemia. Increased protein SUMOylation (induced by Ubc9 overexpression or ischemic preconditioning (PC) with or without hypothermia) confers equivalent levels of tolerance and decreased protein SUMOylation (induced by a dominantnegative (DN) Ubc9) severely decreases resistance to OGD in these cells.
Materials and methods

Animal Preparation
Thirteen-lined ground squirrels, S. tridecemlineatus, were captured by USDA-licensed trappers (TLS Research, Bartlett, IL, USA). Experiments were approved by the NINDS Animal Care and Use Committee. Both male and female squirrels were used equally for this study, and all animals were between one and three years of age, but because the animals were caught from the wild there is no way to know the exact age of the animals. Ground squirrels were housed individually at 211C under a 12 h light:12 h dark cycle, and were fed standard rodent diet and water ad libitum. To facilitate hibernation torpor, the ground squirrels were transferred to an environmental chamber maintained at 41C to 51C and 60% humidity and placed separately in cages containing wood shavings (Frerichs et al, 1994) . They were kept in darkness, except for a photographic red safe light (3 to 5 lux). Body temperature (Tb) was measured with an Implantable Programmable Temperature Transponder . To implant the temperature transmitters, the ground squirrels were first anaesthetized with 5% isofluorane and then the transmitter was injected subcutaneously into the middle of the back using a sterile disposable syringe. Animals in seven different phases of the hibernation bout (cycle) were differentiated by body temperature (Tb), time, and respiratory rate. ART = active animals at 211C (Tb = 341C to 371C); ACR = active for 4 to 5 days in the environmental chamber at 41C to 51C (Tb = 341C to 371C). ACR represents animals that are capable of entering torpor, but have yet to do so. EN = entrance phase of hibernation (Tb = 311C to 121C) after > 14 h in the active state since full arousal from a torpor phase of at least 5 days. Torpor phase animals (TOR) were eligible after they had been in the torpor phase for more than 5 days, aroused and then re-entered the torpor phase. ET = early torpor phase (1 day) (Tb = 51C to 81C); LT = later torpor phase ( > 5 days) (Tb = 51C to 81C); AR = arousing from torpor spontaneously with a respiratory rate > 60/min and a persistent low body temperature (Tb = 91C to 121C). 7hIA = interbout aroused from torpor animals are controls that have previously been in the torpor phase of the hibernation bout, but have since returned to normal metabolic conditions in the active state inside the environmental chamber for 7 h (Tb = 341C to 371C). The 7 h extends from the point that the ground squirrel body temperature has returned to 371C.
Brain, heart, skeletal muscle, kidney, liver, thymus, and spleen were removed quickly, washed with chilled 0.15 mol/L NaCl, frozen instantly in 2-methylbutane (À501C), cooled on dry ice, and then stored at À701C.
Tissues from both male and female summer active ground squirrels were collected in the first week of July. Body weights ranged from 190 g up to 300 g.
We lowered body temperature in thirteen-lined ground squirrels that were not hibernating to control for the effects of hypothermia alone. Ground squirrels were anesthetized by intraperitoneal injection of 50 mg/kg pentobarbital sodium. When these anesthetized animals were placed in the cold chamber, their body temperature decreased gradually to levels that corresponded to that of animals entering hibernation. These animals were euthanized by decapitation when their body temperatures reached 241C.
Western Blot Analysis
Frozen brain (whole or neuroanatomic regions) or other organs were crushed on dry ice to make powder, added to 2% SDS, 60 mmol/L Tris-HCl (pH 6.8), 50 mmol/L EDTA, 2.5 mmol/L sodium pyrophosphate, 1 mmol/L b-glycerolphosphate, 1 mmol/L PMSF and 1 mg/mL Leupeptin, and homogenized on ice. The homogenates were sonicated for 10 to 15 secs, boiled for 5 mins at 951C and centrifuged at 15,000g for 10 mins at 41C. After the protein concentration was measured, the supernatant was boiled again with 5% b-mercaptoethanol and 2% glycerol, and subjected (30 mg/ lane) to SDS-PAGE (4% to 20%). Western blot analyses were performed using the following antibodies: rabbit polyclonal anti-SUMO-1 antibodies raised against the processed form of human SUMO-1 (1:1000) (Azuma et al, 2003) , rabbit polyclonal anti-SUMO-2/3 antibodies (1:1000) provided by Saito (Saitoh and Hinchey, 2000) , rabbit polyclonal anti-human SENP-1 antibodies (1:1000) provided by M Dasso, mouse monoclonal anti-Ubc9 (1:500) purchased from BD Biosciences, and mouse monoclonal antiactin (b and total) antibodies (1:10,000, and 1:5000, respectively) purchased from Sigma Chemicals. Intensities of bands were analyzed by the Macintosh densitometry program ImageJ (NIH). For SUMO conjugate band analysis, the higher molecular weight area (100 to 250 kDa) in each lane was cropped and analyzed.
Immunohistochemistry
Animal brains were excised and fixed for 24 h in 4% paraformaldehyde in 0.1 mol/L phosphate buffer (pH 7.4) (PB) at 41C and stored in 20% sucrose in 0.1 mol/L PB. Serial sections (20 mm thickness) were made on a cryostat, and were incubated overnight at 41C with either anti-SUMO-1 or anti-SUMO-2/3 (both 1:10,000 dilution) in PBS with 0.3% Triton X-100 (PBSTx). After 15 mins wash in PBSTx, the sections were incubated with biotinylated anti-rabbit IgG for 1 h at RT followed by an hour incubation with avidin-biotin peroxidase complex solution. The immunoreaction products were visualized with a diaminobenzidine substrate. Multiple SUMOylated proteins are detected by these antibodies. Some of the sections that were immunostained with SUMO-1 or SUMO-2/3 antibodies were counterstained with hematoxylin.
Confocal Microscopy
Brains were excised and immediately frozen on dry ice. Brain cryosections were incubated with 2% BSA in PBS for 1 h at room temperature, then overnight at 41C with anti-SUMO-1 (1:1000) or anti-promyelocytic leukemia (PML) antibodies (1:200) (rabbit polyclonal anti-PML antibodies raised against C-terminus of PML isoform IV; Chemicon International). These anti-PML antibodies detect several isoforms of PML (three major bands corresponding to various isoforms were detected on Western blot). The sections were washed three times with 2% BSA in PBS and incubated with Alexa Fluor 594-or 488-conjugated anti-rabbit IgG (Molecular probes) for 2 h at RT. After three 10 mins washes with PBS, Hoechst 33,342 (Sigma chemicals) was added at 1 mg/mL in PBS to stain nuclei. Images were captured with a confocal microscope (model LSM 510; Carl Zeiss Micro Imaging) using a 63 Â 1.4 NA Apochrome objective. We used a 543 nm HeNe laser for Alexafluor 594-labeled proteins, an Argon laser for Alexafluor 488-labeled proteins and UV (364 nm) laser for Hoechst 33342 images. Projected series of z-sections collected with intervals of 0.5 to 0.75 mm are shown.
Cell Culture, Transfection and Generation of Tet-Inducible Stable Transfectants
The human neuroblastoma cell line SHSY5Y (American Type Culture Collection, Manassas, VA, USA) was cultured in complete Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% heat-inactivated fetal calf serum, 100 U/mL penicillin, and 100 mg/mL streptomycin in 5% CO 2 at 371C. Transfections of SHSY5Y cells were performed by Nucleofector (Amaxa, Inc.), according to the manufacturer's instructions. A tetracycline (tet)regulated expression system (T-Rex system; Invitrogen) was used for generating tet-inducible stable transfectants: we first generated a SHSY5Y cell line stably expressing the tet repressor from pcDNA6/TR plasmid (T-Rex-SHSY5Y) (selected by blasticidine 5 to 50 mg/mL) (parent cells). Genes of interest (Ubc9 in this study) were subcloned into pcDNA4/TO/myc-His (or pcDNA4/TO), introduced into T-Rex-SHSY5Y cell lines, and established as stable transfectants by dual selection using zeocin (100 mg/mL) and blasticidin (5 mg/mL). The original constructs of mouse Ubc9 (WT), mouse DN mutant Ubc9 (C93A L97A) or Xenopus DN mutant (C93S L97S) were kind gifts from Mary Dasso (Azuma et al, 2003; Saitoh et al, 1997) .
Oxygen and Glucose Deprivation and Preconditioning (Hillion et al, 2005) of SHSY5Y Cells SHSY5Y cells were plated at a density of 5 Â 10 5 cells/well in six-well plates precoated with poly-D-lysine (BD Biosciences, Bedford, MA, USA) and grown for 24 h in complete DMEM supplemented with 10% fetal bovine serum (FBS) at 371C in a 5% CO 2 atmosphere. For the induction of OGD, cells were washed twice in DMEM medium without glucose (Invitrogen) supplemented with 2% FBS (OGD medium) and placed in modular incubator chambers (Billups-Rothenberg, Del Mar, CA, USA). The chambers were flushed with a gas mixture of 95% N2/5% CO 2 for 30 mins at room temperature at 3 L/mins. After flushing, the chambers were sealed and maintained at 371C (unless otherwise stated). Oxygne/glucose deprivation was performed for 12 h or for the indicated times (O 2 levels 2% to 3%). For PC experiments, cells that were grown for 24 h in complete medium were washed twice with OGD medium and subjected to 6 h of OGD with initial flushing as described above. Control plates that were not subjected to OGD were washed twice with DMEM without glucose and maintained in DMEM (glucose present) supplemented with 2% FBS. Oxygen/ glucose deprivation preconditioned cells were then returned to glucose-containing medium and normoxia ('reperfusion') for 24 h for development of cellular tolerance. Subsequently, these cells were exposed to severe OGD for 12 h. Control cells were maintained in DMEM supplemented with 2% FBS, but were not exposed to OGD. For stable transfectants, tetracycline (1 mg/mL) was added to the cultures 24 h before OGD.
Assessment of Cell Death: Nuclear Staining with
Hoechst 33342 and Propidium Iodide followed by Flourescence-Activated Cell Sorting Analysis Cells were collected with a papain dissociation system (Worthington Biochemical Corporation, Lakewood, NJ, USA) and 10 6 cells were labeled with Hoechst 33342 and propidium iodide. The cells were analyzed using a dual-laser FACSVantage SE flow cytometer (Becton Dickinson, Mountain View, CA, USA) as described previously (Hillion et al, 2005) . Propidium iodide signals were excited using a 488-nm laser light and their emissions captured using bandpass filters set at 613/20 nm. Hoechst 33342 was excited using a 351-nm UV laser light and its emission captured with a bandpass filter set at 450/20 nm. Cell Quest Acquisition and Analysis software (Becton Dickinson) was used to acquire and quantify the fluorescence signal intensities and to graph the data as bivariate dot-density plots.
Cloning of Ground Squirrel Small Ubiquitin-Related Modifier-1 and Ubc9
Antibodies to human SUMO-1 and clones of mouse Ubc9 were used in these studies. However, we cloned and sequenced SUMO-1 and Ubc9 cDNAs of thirteen-lined ground squirrels and found that while their DNA sequences varied compared with mouse and human sequences, their amino-acid sequences were identical to those of mouse and human (GenBank accession numbers: DQ385870 for ground squirrel SUMO-1, DQ385871 for ground squirrel Ubc9).
Statistics
Exact nonparametric inference via a software package StatXact version 6 (Cytel Software Corporation, Cambridge, MA, USA) was used to account for small data sets. With larger data sets, parametric inference such as twosample t-test was used. To see overall differences among more than two independent groups such as cell groups, the Kruskal-Wallis test (nonparametric version of Analysis of Variance) is used. Trend analyses are implemented via either the Mack-Wolfe test (Mack and Wolfe, 1981) or the Jonckheere-Terpstra (Lehmann, 1975) test if necessary, depending on a pattern of a trend. The Mack-Wolfe test is for umbrella ordering in mean responses among preordered conditions (such as torpor phase) and the Jonckheere-Terpstra test is for either increasingly or decreasingly ordering in mean responses among preordered conditions (such as cell types). Significance for all tests was established at an alpha level of P < 0.05 and data values are given as mean7s.d. of at least three independent experiments.
Results
Massive SUMO-1 and SUMO-2/3 Conjugation Occurs in the Brains of 13-Lined Ground Squirrels During Hibernation Torpor
Thirteen-lined ground squirrels, S. tridecemlineatus, were captured during summer, housed individually at 211C and induced to undergo hibernation during fall-winter (Frerichs et al, 1994) . A hibernation bout may last for weeks and consists of entry into, maintenance of, and arousal from torpor. Animals in seven different phases of the hibernation bout were differentiated by body temperature, time, and respiratory rate ( Figure 1A ). Arousal from torpor is maintained for a few hours to about 1 day before the animal initiates another hibernation bout. We found that extensive SUMOylation (particularly involving formation of high molecular weight, 100 to 250 kDa, SUMO conjugates) by SUMO-1 and SUMO-2/3 occurred in brain tissue samples during torpor in ground squirrels ( Figure 1B) . In contrast, SUMO conjugation levels were minimal in the brains of winter active animals (ART, ACR ( Figure  1B ) and in summer animals ( Figure 5A and unpublished data). Conjugation of both SUMO-1 and SUMO-2/3 starts to increase on entrance into torpor, progressively increases throughout the torpor phase and returns to baseline levels by 7 h after interbout arousal ( Figure 1C ). The antibodies for the SUMO paralogues that we used in this study (Azuma et al, 2003) as well as the antibodies available from commercial sources recognized conjugated SUMO better than free SUMO. For this reason, precise quantitation of free SUMO is difficult, but the amount of free SUMO-1 (and perhaps of free SUMO-2/3 as well) appeared to decrease in inverse proportion to the increase in SUMO conjugation ( Figure 1C ). This relationship between conjugated and free SUMO suggests that the observed SUMO conjugations were at least partially independent of de novo SUMO-1 (or SUMO-2/3) protein synthesis. Small ubiquitinrelated modifier conjugation increased during torpor in all sampled brain regions ( Figure 1D ). The major SUMO-1 immunoreactive cells in cerebral cortex and cerebellum were neurons (Figure 2A ). In active animals, SUMO-1 staining was dispersed throughout the neuronal cell bodies. In contrast, animals in the torpor phase showed nuclear accumulation of SUMO-1 with cortex and in the Purkinje cells of the cerebellum (Figure 2A ). We confirmed the nuclear localization of SUMO conjugates in neurons by counterstaining with hematoxylin ( Figure 2B ) and by confocal microscopy (Figure 2C ). In the cortical neurons of active animals, SUMO-1 was found throughout the cell body with some perinuclear emphasis, but in brain sections from torpor phase animals, SUMO-1 was mainly concentrated in the nucleus ( Figure 2C ). The PML gene encodes a tumor suppressor protein, which was one of the earliest SUMO substrates reported, and its modification by SUMO-1 or SUMO-2/3 is associated with a distinct subnuclear domain, the nuclear body. As shown in Figure 2D , PML nuclear bodies in cortical neurons were increased in both number and size in brain sections from torpid animals.
Extensive SUMO-1 and SUMO-2/3 Conjugation Occurs in the Kidney and Liver of Torpid Ground Squirrels
The increase in conjugated SUMO species (higher molecular weight bands) during torpor was even more dramatic in liver and kidney than in the brain ( Figure 3A) . In heart and skeletal muscle, little or no high molecular weight SUMO conjugation was detected, but relatively low molecular weight (40 to 45 kDa) SUMO-1 conjugates were abundant. The levels of these lower molecular weight conjugates were not changed during torpor, however ( Figure  3A) . Interestingly, proteins in spleen were heavily SUMOylated even in active animals, and the levels of both SUMO-1 and SUMO-2/3 conjugation decreased during the torpor phase ( Figure 3A) . Conjugation of both SUMO-1 and SUMO-2/3 in the kidney was similar to brain ( Figure 1C ) in that the levels began increasing on entrance into torpor, progressively increased throughout the torpor phase and returned to baseline levels by 7 h after interbout arousal ( Figure 3B ). Conjugation level throughout the torpor phase had a significant umbrella ordering pattern with the peak possibly at the LT (Mack-Wolfe test, SUMO-1: P50.01, SUMO-2/3: P50.01).
Small Ubiquitin-Related Modifier Conjugation Levels Correlate with the Expression Levels of Ubc9
Small ubiquitin-related modifier conjugation and deconjugation are dynamic processes in the cell, thus increased SUMOylation occurs from either acceleration (activation) of the conjugating process or inhibition of the deconjugating process. We examined protein expression levels of both the SUMO E2-conjugating enzyme, Ubc9, and one of the SUMO isopeptidases, SENP-1, at various stages of the hibernation bout. As shown in Figure 4 , the expression level of Ubc9 coincides with the SUMO conjugation levels in both brain ( Figure 1C ) and kidney ( Figure 3B ), but SENP1 levels show no obvious correlation with SUMO conjugation levels in either brain or kidney. The expression level of Ubc9 had a significant umbrella ordering pattern with the peak possibly at the AR stage during torpor (Mack-Wolfe test, brain: P50.01, kidney: P50.01).
Hypothermia may be Partially Responsible for the Increased Small Ubiquitin-Related Modifier Conjugation during Hibernation Torpor
We examined whether hypothermia contributes to SUMOylation in torpid animals by anesthetizing nonhibernating ground squirrels in the 41C to 51C environmental chamber to lower their body temperature to 241C, which is equivalent to their body temperature during entrance into torpor. The brains from two out of four such animals showed a modest but detectible increase in protein SUMOylation similar to those from the entrance stage animals ( Figure 5A ). During torpor in the environmental chamber, the body temperature of ground squirrels falls to about 51C to 81C; SUMO conjugation could have been further increased at that temperature. This profound level of body temperature reduction that is characteristic of the torpor phase of hibernation is lethal in most species (including ground squirrels) if induced artificially, which complicates direct testing of SUMOylation at torpor-equivalent temperatures in nonhibernators. We examined the effect of both 241C and 41C temperatures on the SUMO conjugation levels in human SHSY5Y cells and found that there was a significant mean difference between 241C and 41C temperatures without taking incubation time into account (two-sample t-test, P50.0001). As shown in Figure 5B , incubation of these cells at 241C did increase the SUMO conjugation level and sustained the increase for at least 9 h, but lowering the temperature further to 41C produced no additional increase of the SUMO conjugation levels. When SHSY5Y cells were subjected to OGD, an in vitro experimental model of ischemia, there existed significant mean differences on the SUMO-1 conjugation levels between two temperatures (371C and 41C) regardless of different lengths of OGD (twosample t-test, P50.0001). The SUMO-1 conjugation levels decreased during OGD at 371C, but cells subjected to OGD at 41C (similar to the torpor phase of hibernation) showed SUMO conjugation levels that were increased for at least 9 h before showing a trend toward decline by 12 h (Figure 5C ). Thus, Figure 1 Massive SUMO-1 and SUMO-2/3 conjugation occurs during hibernation in the brain of 13-lined ground squirrels. (A) Hibernation bout (cycle) in the 13-lined ground squirrel. ART: active animals at room temperature (Tb = 341C to 371C); ACR: active animals in cold room (Tb = 341C to 371C); EN: animals entering torpor (Tb = 311C to 121C); ET: animals in the early stage of torpor (1 day after entrance into torpor, Tb = 51C to 81C); LT: animals in the late stage of torpor phase (more than 5 days in torpor, Tb = 51C to 81C); AR: animals arousing from torpor (Tb = 91C to 121C); 7hIA: interbout aroused animals that have been in the active state for 7 h (Tb = 341C to 371C). (B) Immunoblots of SUMO-1 or SUMO-2/3 (free and conjugated forms) in the brain of ART, ACR, and animals in the torpor phase of hibernation bouts (TOR) (n = 4 to 5 in each group). (C) Immunoblots of conjugated and free SUMO-1 or SUMO-2/3 in the brain during the phases of the hibernation bout. b-Actin served as a loading control. Each gel is representative of three independent experiments. (D) Immunoblots of protein extracts from different regions of brain (as indicated in the figure) of active (A) and torpor (T) phase animals. b-Actin served as a loading control. hypothermia contributes to increased SUMO conjugation during hibernation torpor. In SHSY5Y cells, however, the 241C level of SUMO conjugation does not increase further in cells exposed to 41C. It is still not clear whether hypothermia can account for all of the increased SUMOylation during torpor, and effects observed in cell lines may not be an accurate reflection of what is happening in vivo.
The Small Ubiquitin-Related Modifier Conjugation Level Determines the Level of Tolerance to Oxygen/ Glucose Deprivation in SHSY5Y Cells
Preconditioning animals or cells by exposure to a near-lethal stress induces transient tolerance to a subsequent severe insult that would otherwise be lethal. We have reported effects of various forms of preconditioning on ischemia tolerance in animals (Tasaki et al, 1997) , primary neurons (Liu et al, 2000) , and cell lines (Hillion et al, 2005) . Here we show that SHSY5Y cells preconditioned by 6 h OGD exposure at 371C have about a 30% reduction in cell death during severe OGD and that this protection approaches a 50% cell death reduction when the preconditioning is performed at 41C ( Figure 6A ). To take into account the baseline cell viability, percent changes of cell death data calculated by using the three averages of percent of cell death from OGD(À) condition at each of the three preconditions were obtained and analysis of cell death data was based on the percent change. There was significant difference in percent change among the three conditions (without PC, PC at 371C and PC at 41C) (Kruskal-Wallis test, P = 0.01). A trend analysis via the Jonckheere-Terpstra test indicated that there was a significant decreasing pattern on percent change in order of without PC, 371C PC, and 41C PC (P = 0.004).
Small ubiquitin-related modifier conjugation levels in SHSY5Y cells increase by preconditioning (6 h OGD) either at 371C or at 41C ( Figure 5C ), but after 24 h reperfusion at 371C the levels went down close to the control level ( Figure 6B, 0 time) . However, the SUMOylation levels in preconditioned cells were maintained during severe OGD (12 h) in contrast to a 50% decrease in SHSY5Y cells that have not been preconditioned ( Figure 6B ). There was a significant difference in SUMO-1 conjugation levels among the three conditions at 12 h (Kruskal-Wallis test, P = 0.003). A trend analysis via the Jonckheere-Terpstra test indicated that there was a significant decreasing pattern on SUMO-1 conjugation in order of without PC, 371C PC, and 41C PC (P = 0.001).
To further examine the role of SUMOylation in preconditioning, we established stable transfectants Figure 4 Expression levels of Ubc9 and SENP1 in the brain and kidney of ground squirrels at various stages of the hibernation bout. Immunoblots of total brain extracts (left panel) or kidney extracts (right panel) from animals in the different phases of the hibernation bout. b-Actin served as a loading control. Densities of bands corresponding to Ubc9 or SENP1 were normalized by actin levels and expressed relative (-fold) to levels of samples from ART (bottom). Data represent the mean7s.d. of three independent experiments.
Figure 5
Effect of temperature (hypothermia) and/or OGD on SUMO-1 conjugation level in SHSY5Y cells. (A) Immunoblots of SUMO-1 conjugated protein in ground squirrel brain under various conditions. Body temperatures are shown in parentheses. Summer animal (371C), hypothermia (241C), Entrance (311C to 121C) and TOR (71C). Actin served as a loading control. (B) Immunoblots of SUMO-1 conjugated proteins in total cell lysates of SHSY5Y cells grown at 371C, 241C, or 41C for 0, 3, 6, or 9 h (upper panel). Relative density of SUMO-1 conjugates normalized to actin levels and expressed as the ratio to time zero control cells that were incubated at 371C (lower panel). (C) Immunoblot of SUMO-1 conjugated protein in total cell lysates of SHSY5Y cells exposed to OGD at 371C or 41C for 3, 6, 9, or 12 h (upper panel) . Relative density of SUMO-1 conjugates shown as the ratio to time zero cells that were incubated at 371C (lower panel). Data represent the mean7s.d. of three independent experiments. of SHSY5Y cells with a tetracycline-dependent plasmid for overexpression of either a wild type (WT) Ubc9 or a DN Ubc9. The expression levels of Ubc9 (WT) and Ubc9 (DN) were tightly controlled by tetracycline ( Figure 6C ). Compared with SUMO conjugation levels in the parent cells, transfected cells that overexpressed Ubc9 (WT) increased their protein SUMOylation and transfectants that overexpressed Ubc9 (DN) suppressed their protein SUMOylation ( Figure 6D) .
Even without preconditioning, SHSY5Y cells overexpressing Ubc9 (WT) were highly resistant to OGD and their increased capacity for SUMOylation raised their level of tolerance to be essentially equivalent the level of tolerance induced by preconditioning; little or no further cytoprotection was achieved by preconditioning at 371C or by hypothermic preconditioning at 41C ( Figure 6E ). The cells that overexpressed Ubc9 (DN) had very little SUMO conjugation and were very sensitive to OGD. In fact, overexpression of Ubc9 (DN) was sufficient to cause cell death in the absence of OGD. Significant differences in percent change among the three cell types were found by implementing the Kruskal-Wallis test: without preconditioning; WT cell group 29%, Parent cell group 44%, DN cell group 51% (P = 0.004); with PC at 371C, WT group 18%, Parent group 27%, DN group 40% (P = 0.003); PC at 41C; WT group 16%, Parent group 22%, DN group 41% (P = 0.01). A trend analysis via the Jonckheere-Terpstra test indicated that there was a significant increasing pattern of percent change of cell death (tet) . Parent cells are T-Rex-SHSY5Y cells that lack a second plasmid. Actin levels served as a loading control. (D) SUMO-1 conjugation levels in T-Rex-SHSY5Y stable transfectant cells were increased by overexpressed Ubc9 (WT) and were decreased by overexpressed Ubc9 (DN) (Top panel). Small ubiquitin-related modifier-1 conjugation band densities were normalized by the corresponding actin band density and expressed relative to the normalized band density of the parent cells. (E) Effect of overexpression of WT or DN Ubc9 on OGD-induced cell death. T-Rex-SHSY5Y cells stably transfected with Ubc9 (WT) or Ubc9 (DN) along with parent cells were grown in the presence of tetracycline (tet) (for 24 h before PC) and subjected to severe OGD (12 h) without or with preconditioning at either 371C or 41C. The cell death was assessed by nuclear staining with Hoechst 33342 and PI followed by flourescence-activated cell sorting analysis. The percentage of dead cells was plotted for each treatment. The data are shown as the mean7s.d. of three independent experiments. without preconditioning (P = 0.0006), with 371C PC (P = 0.0005), or with 41C PC (P = 0.001) in the order of Ubc9 (WT), Parent cell, and Ubc9 (DN).
These results indicate that normal levels of SUMO conjugation are required for SHSY5Y cell survival, that SUMOylation undergoes a sustained increase in response to ischemic preconditioning with and without hypothermia, and that increased SUMOylation greatly augments tolerance to OGD in these cells.
Discussion
Hibernation is an adaptive state in which the animal lowers energy consumption, blood flow and body temperature as a means of dealing with food shortage and the energetic cost of defending against seasonal cold. In spite of severe oligemia for periods that can extend to weeks at a time, there is no brain damage or cellular loss in hibernators (reviewed in Carey et al, 2003; Storey, 2003) , thus providing an excellent natural model of tolerance to ischemia (Frerichs et al, 1994) . A number of molecular mechanisms that regulate this natural state of tolerance have been examined (Chen et al, 2001; Drew et al, 2001; Gentile et al, 1996; Ohtsuki et al, 1998; Zhu et al, 2005) , but the full picture is far from clear. In this study, we present data that strongly support SUMO conjugation as a cytoprotective molecular mechanism that is augmented during the profound reduction in blood flow and capacity to deliver oxygen that characterizes hibernation torpor.
We find that protein SUMOylation is markedly elevated in most areas of the brain during the torpor phase of hibernation with a concomitant loss of free SUMO. Small ubiquitin-related modifier conjugation decreases quickly on emergence from torpor indicating a tight linkage of SUMO conjugation with the hibernation process. Although free SUMO is distributed throughout the cell, most of the conjugated SUMO is nuclear, consistent with transcription factors being major targets of SUMOylation (Girdwood et al, 2004) .
Hibernation-associated SUMOylation is not, however, restricted to the brain: an even greater SUMO conjugation occurs in liver and kidney tissue. Kidneys and livers from hibernating ground squirrels are reported to be more tolerant to hypothermic storage (as assessed by animal survival after organ transplantation) compared with kidneys and livers taken from normothermic ground squirrels (Green, 2000; Lindell et al, 2005; Storey, 2004) . The increased SUMOylation in hibernating ground squirrel tissues may have contributed to the hypothermic storage tolerance of those organs. Unlike other organs we examined, spleens were heavily SUMOylated even in active animals. Since little (or no) analysis of SUMO tissue distribution has been performed, it is unclear whether the distributions noted here are typical of most vertebrate tissues or are restricted to hibernating animals. However, comparison of rat Ubc9 expression levels in various tissues (Golebiowski et al, 2003) showed interesting parallels with SUMO-1 tissue distributions observed in our ground squirrels that is, the highest expression in spleen, relatively high expression in kidney and liver, and low expression in heart and skeletal muscle.
The functional consequence of massive and general SUMOylation of proteins during hibernation torpor is not yet clear, but SUMOylation is known to turn off a wide range of transcription factors (Girdwood et al, 2004) and may contribute to the suppression of gene expression during hibernation . The tumor suppressor PML was originally identified as part of a fusion protein with the retinoic acid receptor (RARa) resulting from a chromosomal translocation that causes acute PML (Kakizuka et al, 1991) . Promyelocytic leukemia is essential for the SUMOylationdependent formation of a nuclear body that also contains many other SUMO-modified proteins including transcription factors, chromatin modifiers, and proteins involved in genomic maintenance (Sternsdorf et al, 1997) . Disruption of PML nuclear bodies is associated with changes in cell proliferation, differentiation, and survival (reviewed in Zhong et al, 2000) . We surmise that the reported torpor phase-specific nuclear body formation in the hazel dormouse (Malatesta et al, 2001 ) was due to PML nuclear body formation with accumulation of SUMO conjugates. This suggests that storage of SUMOylated proteins is a role of nuclear body formation during torpor. The structures are proposed to serve as storage/assembly sites for molecules needed for rapid resumption of transcriptional and post-transcriptional activities on arousal from torpor (Malatesta et al, 2001) .
The peak of SUMOylation occurs from late torpor to the point of arousal. In stroke patients, extension of brain damage can occur during reperfusion of the ischemic lesion (Hallenbeck and Dutka, 1990) . Similarly, the greatest danger of oxidative damage to tissues of a hibernating animal would be at the time of rewarming and renewed activity during arousal (Drew et al, 2002) . The fact that SUMOylation peaks on arousal may relate to its having cytoprotective effects. This reversible modification of proteins may contribute to the ability of hibernators to lower metabolic rates during the torpor phase, but retain the ability to resume full activity on arousal without any tissue damage.
We find that the expression levels of Ubc9, the single E2-conjugating enzyme in the SUMO pathway, are closely correlated with SUMO conjugation levels both in the brain and the kidney during hibernation, and that Ubc9 expression levels are also critically related to the capacity of SHSY5Y cells to survive ischemic insults. Ubc9 is reported to be essential for viability of higher eukaryotic cells;
Ubc9 deficient mouse embryos die at the early postimplantation stage (Nacerddine et al, 2005) and depletion of Ubc9 in chicken DT40 cells results in death by apoptosis (Hayashi et al, 2002) . The profound changes of SUMO conjugation levels in hibernation may not be fully explained by the modest changes of Ubc9 levels noted here, however. Unlike Ubc9, the relationship between a SUMO isopeptidase, SENP1, and SUMOylation levels showed no correlation in the tissues examined. Ubc9 is the only SUMO E2-conjugating enzyme, but there are at least six SENPs known in mammals (Melchior et al, 2003; Yeh et al, 2000) . Whether any of these SENPs is involved in elevating the level of SUMOylation during hibernation remains unclear.
SUMOylation provides impressive cytoprotection in SHSY5Y cell OGD. Suppression of the capacity to SUMOylate proteins eliminates SHSY5Y cell resistance to OGD and nullifies cytoprotection by preconditioning with or without hypothermia in these cells. The fact that the percent increase in OGD-induced cell death appears to be somewhat less in DN cells and DN cells do not respond to preconditioning needs to be addressed. These cells were already very sick before exposure to OGD. This is due to their inability to maintain normal levels of SUMO conjugation to proteins as a result of their overexpression of the DN mutation of the critical SUMO conjugating enzyme, Ubc9. After the cultures were exposed to OGD, most of the DN cells as measured by our assay were dead. The cell death assay we used is not very accurate above 80% cell death, so the cell death by OGD in DN group might have been saturated such that the actual cell death was more than 80%. The DN group is not made more resistant to OGD by preconditioning, presumably because it cannot turn on the SUMOylation system. We should also emphasize that the observation that preconditioning fails to enhance tolerance to OGD in DN cells is consistent with a vital role for SUMOylation in preconditioning of SHSY5Y cell cultures. The inhibition of endogenous Ubc9 by overexpression of the DN protein is toxic and apparently did prevent the protection otherwise afforded by preconditioning. This finding indicates that SUMOylation is so important for cell survival that preconditioning cannot overcome its absence or compensate for its absence. The three findings that cells overexpressing Ubc9 WT were highly resistant to OGD, that the tolerance was not enhanced by preconditioning in these cells, and that preconditioning serves to maintain normal levels of SUMOylation ( Figure 6B ) also support the idea that the SUMOylation is importantly involved in preconditioning-induced tolerance.
Although further studies are indicated to fully delineate the specific SUMOylation mechanisms that confer hypothermic cytoprotection, our finding that SUMO conjugation increases during hypothermia and is essential for cellular resistance to OGD during preconditioning with or without hypothermia has clinical relevance. Our study suggests decreased body temperature may be a primary mechanism for increasing SUMOylation in hibernation torpor, and SUMO conjugation may be an underling mechanism for hypothermia-induced tolerance to ischemia. Hypothermia is currently under clinical investigation as a potential therapeutic approach to acute ischemic stroke (De Georgia et al, 2004) . Our findings also point the way to a means to increase our understanding of the molecular mechanisms involved in preconditioning-induced ischemic tolerance by examining the SUMOylated protein profile that supports ischemia resistance. Finally, the data suggest that elevation of SUMO conjugation levels may be an appropriate target for drug discovery in the cerebrovascular disease field.
